Cytochemical, histochemical, and morphometric features of skeletal muscle were evaluated in 140 specimens from five appendicular muscles of 28 dogs which were free of neuromuscular disease. Dogs ranged from six months to 15 years of age. Evidence of degeneration and regeneration, cell reactions and architectural change was found but with an incidence of less than 1% of the total myofiber population in any muscle. The number of fibers with internal nuclei never exceeded 1%. The only changes that appeared to be agerelated were fiber size variation associated with the presence of small angular type IIA fibers in muscles of dogs seven years of age and older. Percentages of type I, type IIA, and type IIC fibers remained relatively constant in the various muscles in the age range examined. Type I fibers predominated in medial head of triceps brachii and superficial digital flexor muscles, whereas type IIA fibers were more numerous in biceps femoris and long head of triceps brachii muscles. An approximately equal ratio was found in gastrocranius muscles. In any given muscle, type IIC fibers represented less than 2% of the fibers. Statistically significant differences were found in values for fiber size between groups of dogs weighing more than (mean diameter range = 40 to 50 pm) and less than (mean diameter range = 30 to 40 pm) 15 kilograms.
dogs were ambulatory except dog 21 which was presented with acute onset paraplegia resulting from a thoracic intervertebral disc prolapse. This dog was killed 36 hours after admission. All dogs were in good physical health and were without clinical and hematologic evidence of systemic metabolic diseases including hypothyroidism, hyperadrenocorticism, renal disease, and diabetes mellitus. No dogs that had received short-or long-term glucocorticoid medication were included in this study.
Immediately following death by barbiturate overdose (Beuthanasia, Burns-Biotec Labs., Oakland, CA), the following skeletal muscles were unilaterally exposed and dissected free of connective tissue: pelvic limb muscles (biceps femoris, lateral head of gastrocnemius), pectoral limb muscles (long and medial heads of triceps brachii and superficial digital flexor). Cytochemical, histochemical, and morphometric data on these muscles obtained from neonatal dogs are available for comparison [lo] .
Muscle samples, approximately 1 to 2 cm in diameter, were obtained from the proximal third of the lateral head of the gastrocnemius and superficial digital flexor and from the distal third of the other muscles. The specimens were taken from the superficial areas of each muscle in order to make the sampling procedure more directly comparable with that of a surgical biopsy. Samples were mounted on a cork base, using 10% gum tragacanth and oriented in a transverse plane. Each sample was immersed in isopentane (-16O"C), precooled in liquid nitrogen for 10 seconds, and stored in deep-freeze compartments in airtight polythene containers until sectioned. Sections were cut in a transverse plane at 8 pm with a cryostatmicrotome (-20°C) and were stained according to the following histologic and histochemical techniques: modified Gomori's trichrome [30] , hematoxylin and eosin (HE), reduced nicotinamide adenine dinucleotide-tetrazolium reductase (NADH-TR) [28] , Sudan I11 Herxheimer fat stain, and myosin adenosinetriphosphatase (mATPase) at pH 10.0 and pH 4.3 [28] , for histochemical fiber subtyping as previously reported in the dog [9] .
Brain, spinal cord, selected peripheral nerves, and representative extraneural tissues also were removed at necropsy and the findings are reported elsewhere 112, 131. In summary, while no lesions were found in cervical or lumbar intumescences of the spinal cord, degenerative changes were observed in common peroneal and ulnar nerves of dogs over seven years of age.
For quantitative studies, a projection microscope was used with a tube extension that permitted images of muscle transverse sections to be directed perpendicularly onto the plate of a digital sensor system (Ladd Graphic Data Analyzing System, Ladd Research Industries, Burlington, VT) interfaced with a programmable calculator. The sensor system was calibrated with the stage surface of the microscope, using a slide micrometer (Graticules, Ltd., Tonbridge, Kent, England). For each muscle sample the following data were assessed: Mean lesser fiber diameters [28] of type I, type IIA, and type IIC fibers as determined from a random count of 200 fibers of each of type I and type IIA, and of between 25 and 100 fibers of type IIC per transverse section; percentages of type I, type IIA, and type IIC fibers as determined from a count of over 1000 fibers per transverse section; percentages of fibers with internal nuclei, as determined from a random count of over 1000 fibers per transverse section (but excluding regions immediately adjacent to large connective tissue septa); variability coefficients of individual fiber types in each muscle sample were calculated as follows: standard deviation divided by mean fiber diameter X 1000. Any fiber type with a variability coefficient greater than 250 was considered to demonstrate abnormal variability in the size of fibers [28] . A final magnification of x 654 was used on all muscle fiber diameter measurements. Statistical analysis of data was done using a one-way analysis of variance.
Due to considerable variation in body weight in dogs of this study, the population was divided into two groups for quantitative studies: group A (greater than 15 kg body weight) and group B (less than 15 kg body weight). Quantitative data from several comparable muscles of dogs less than 15 kg body weight have been reported previously [7] . Table  I. Data on dogs studied   1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28 Yorkshire 
Results
The percentage of fiber types varied between the different muscles. Mean type IIC fiber numbers were less than 2% in all muscles from both groups of dogs (table 11) and numbers did not vary with age. In both groups, type I fibers predominated in medial head of the triceps and superficial digital flexor muscles, whereas in biceps femoris and long head of the triceps muscles, type IIA fibers were more numerous. An approximately equal ratio was found in gastrocnemius muscle. There was no statistically significant difference (p > 0.05) in fiber type percentages in any given muscle between the two weight groups. Adult fiber type percentages in different muscles were established in dogs six months of age and did not change with increasing age.
Mean fiber diameter of type I, type IIA, and type IIC fibers in any given muscle were significantly (p < 0.05) smaller in group B dogs compared with group A dogs (table 11) . Diameters of type I and type IIA fibers usually were comparable except in the gastrocnemius and medial head of the triceps muscles in which the diameter of type I fibers usually was greater than that of type IIA fibers. The type IIC fibers were uniformly smaller than type I and type IIA fibers in all muscles from both groups. Age-related changes in mean fiber diameter of type I and type IIA fibers are illustrated graphically for each muscle from both groups of dogs ( fig. 1 ). Adult proportions of both fiber types were present at six months of age. Diameters of fiber types did not vary significantly (p > 0.05) with aging despite an apparent reduction in diameter of type IIA fibers in all muscles of dogs seven years of age and older (figs. 1, 2). The singular exception was the gastrocnemius muscle in which diameter of type IIA fibers was less (p < 0.0001) in the older dogs (7 to 15 years) of the heavier weight group (table 11 ). The variability coefficients were similar in muscles from both groups at different ages and with one exception, were equal to or less than 250, i.e., the standard deviation of the mean fiber diameter was always less than one quarter of the value of the mean diameter. The histographic distribution of fiber type diameters was unimodal in all muscles. In order to determine whether the neurological lesions had any effect on the muscle fiber diameters, mean diameters of fiber types in clinically abnormal dogs were compared statistically with those of our research controls. No significant differences (p > 0.05) were found in any muscle.
The mean percentages of abnormal cytochemical and histochemical features of 140 skeletal muscle samples are tabulated ( fig. 3 ). Abnormal cytochemical features were observed in seven of 28 samples of biceps femoris muscle, 11 of 28 samples of gastrocnemius muscle, 15 of 28 samples of medial head of triceps brachii muscle, three of 28 samples of long head of triceps brachii muscle, and nine of 28 samples of superficial digital flexor muscle. It should be noted that the incidence of any abnormality observed in a given muscle specimen always occurred in less than 1% of the total myofiber population. Degeneration and regeneration, cell reactions and architectural changes were seen in muscles of dogs of various ages; however, there was no apparent correlation between abnormal cytochemical features and aging.
In every muscle sample the number of fibers with internal nuclei never exceeded I%, however small groups of fibers with one or more internal nuclei were seen in four muscle samples unassociated with other changes.The majority of muscle fibers immediately adjacent to large fibrous septa contained single or multiple internal nuclei ( fig. 4 ). No pyknotic nuclear clumps were observed in any sample.
Degenerative changes were the most common abnormalities noted. Myofiber necrosis was present in 12 of 140 muscle samples and always was focal in distribution. The changes ranged from a pale ground-glass appearance, sometimes with vacuolation, to myofibrillar disintegration with macrophage infiltration ( fig. 5 ). Isolated phagocytosis was present in five of 140 samples. Occasionally, necrosis and mononuclear phagocytosis appeared limited to the central portion of the fiber. Fiber splitting was found in only two of 140 samples ( fig. 6 ) but was observed more commonly in fibers immediately adjacent to fibrous septa. "Nesting", characterized by a group of muscle fibers having unusual outlines conforming to each other, was present in a few muscle samples ( fig. 7 ). Basophilia was observed in five of 140 muscle samples and was characterized by the presence of smaller diameter fibers with bluish cytoplasm (when stained with HE), often containing large vesicular nuclei ( fig. 8) . Focal basophilia and necrosis sometimes were seen together.
Apart from the cell reactions that occurred within muscle fibers, a cell response within the supporting connective tissue was observed in four samples. The types of infiltrating cells were macrophages, lymphocytes, and occasionally, plasma cells. The cell response was focal and located in connective tissue septa or within fascicles surrounding both normal-appearing fibers and small fibers that appeared to be undergoing early degeneration ( fig. 9 ). No perivascular distribution of cell infiltrates, vasculitis and capillary wall thickening were observed, and there was no evidence of endomysial or perimysial fibrosis.
The most commonly observed architectural change in individual muscle fibers was subsarcolemmal masses. These structures, which were present in nine of 140 muscle samples, stained blue with HE, red with Gomori's trichrome, and black with NADH-TR ( fig. 10 ). The masses usually were found in isolated fibers, but sometimes occurred in a small group of fibers. No target nor target-like fibers were found in any muscle. A whorled pattern of the intermyofibrillar network was seen in fibers of one of 140 muscle samples stained with NADH-TR ( fig. 1 1) . These areas reacted normally with other histochemical stains and both type I and type I1 fibers were affected. In two of 140 muscle samples, several fibers immediately adjacent to thick fibrous septa contained areas that stained purplish with Gomori's trichrome ( fig. 12 ), stained eosinophilic with HE, and stained poorly with NADH-TR. These areas normally were reactive with ATPase and were seen in type I fibers.
Miscellaneous findings in the absence of other pathologic change included: a sarcocyst in one of 140 samples; hypercontracted fibers in five of 140 muscle samples that often stained bizarrely with NADH-TR; and in five of 140 samples from medial head of triceps brachii muscle, several type I1 fibers that contained basophilic streaks when stained with HE. These basophilic zones usually were located peripherally, and often surrounded the sarcolemmal nuclei which were numerous and vesicular. These fibers reacted poorly when stained with NADH-TR.
Interfascicular fatty infiltration was observed in two muscle samples but was more common in areas adjacent to fibrous septa. No ring fibers were seen in any muscle.
Intramuscular nerves appeared normal in all samples; however, several large, swollen myelinated fibers were present in biceps femoris muscle of the 15-year-old dog.
Small angular fibers, usually with an isolated, scattered distribution, were observed in ten samples, eight of which were observed in muscle from dogs seven years of age and older ( fig. 13 ). These fibers were type IIA. No cytoarchitectural abnormalities were present in these atrophic fibers and their histochemical profiles remained normal. There was no evidence of small or large group atrophy, or fiber type grouping in any muscle sample.
Discussion
Three fiber types were found in mature canine muscle, types I, IIA and IIC, based on mATPase staining at pH 4.3 [9] . Type IIC fibers, which are considered to represent primitive precursor fibers [ 181 were not seen in every muscle, and when they were present, represented less than 2% of the fibers. A small percentage of type IIC fibers has been reported in several muscles of mature horses [31] . Type IIC fibers are relatively uncommon in normal mature muscle in man [28, 371 . In a recent biopsy study of control vastus lateralis muscle in man, the number of type IIC fibers varied between 1.2% and 2.6% 131.
Fiber type percentages in the different muscles were similar to those reported previously in the dog [7] . Adult fiber type percentages in various muscles of dogs are attained by three months of age [lo] . In the present study, fiber type percentages did not vary from six months to 15 years. Fiber type ratios have been shown to vary between individual muscles within an animal [4, 23, 331 and between homologous muscles of different species [23, 261. Furthermore, a compartmentalized distribution of fiber types within muscles has been noted in several species, including dog vastus lateralis [7] , cat respiratory diaphragm [47] , cat flexor carpi radialis [32] and certain hindlimb muscles of rabbit and rat [38, 451. In man, the ratio of type I to type I1 fibers in biceps femoris and vastus lateralis muscles is approximately 1:2, with percentages of types IIA and IIB being equal [17] . No type IIB fibers have been observed in canine muscle [9] . The present study confirms the report of a similar type I/type I1 fiber ratio in biceps femoris and long head of the triceps brachii muscle in the dog [7] . In those muscles of the dog with a type I fiber predominance, a ratio between 4: 1 and 8: 1 was found in the medial head of the triceps brachii muscle from both groups of dogs, and a 3:l ratio occurred in the superficial digital flexor muscle. An approximately equal ratio was found in the lateral head of the gastrocnemius muscle. In adult sheep this ratio is approximately 1:3 in quadriceps muscles, with the exception of the vastus intermedius muscle which consists of type I fibers only [55] . In various muscles of the horse, a ratio of 1:4 has been reported [3 11 .
Variation in fiber type ratios in different muscles of the dog suggests an intimately mixed functional role associated with postural adjustment (largely type I fiber dependent) versus phasic voluntary movement (largely type I1 fiber dependent) [ 19, 20, 361. Quantitative studies of fiber diameter in the present study revealed that diameters of type I, type IIA, and type IIC fibers, respectively, were significantly smaller in all muscles of dogs less than 15 kg body weight compared with dogs over 15 kg body weight. Fiber type diameters in dogs under 15 kg body weight closely parallel those previously reported in dogs of similar weight range [7] . Adult fiber type diameters appeared to be attained at six months of age. In man, no measurable sex differences in fiber size occurs until adult values are attained at puberty [16] ; however, after puberty, growth of muscle fibers in males tends to surpass that in females [42] . Sex differences were not examined in the present study because of the relatively few females. No sex differences were observed in area measurements of fiber types in various muscles of athletic and non-athletic horses and dogs [33] .
While little age-related variation was found (p > 0.05) in diameter of type I fibers in either group of dogs, the diameter of type IIA fibers was decreased uniformly in dogs seven years of age and older. T h s decrease was significant (p c= 0.0001) only in the gastrocnemius muscle of dogs weighing more than 15 kg. The cause of this reduction is uncertain and interpretation must be made with caution because of the few older dogs in each weight group. A reduction in muscular activity was considered a factor in the type I1 fiber atrophy observed in muscles of elderly people [35] . The influence of muscle activity on fiber size is well recognized in man [ 1, 481 and in athletic animals [33] . In most normal women and in some sedentary males there may be a relative smallness of type I1 fibers with respect to their mean type I fiber size [14] . In our dogs, the amount of premortem exercise to which any given muscle was subjected was one variable that was impossible to control.
Type I1 fiber atrophy is one of the most common abnormalities associated with muscle disease [28] and has been seen in man and dogs with neoplastic disease, Cushing's syndrome, steroid myopathy, hypothyroidism, disuse, and denervation [6, 11, 22, 29, 39, 41, 441 . None of these conditions were present in our dogs.
Results of the present study indicate that degeneration and regeneration, cell reactions and architectural changes do occur in skeletal muscle of normal adult dogs without evidence of neuromuscular disease, and that the incidence of any single change in a given muscle sample occurs in less than 1% of the total myofiber population and does not increase with aging.
Focal myonecrosis, with and without phagocytosis, was the most prominent degenerative change, often being accompanied by focal basophilic fibers with large vesicular nuclei, suggesting fiber regeneration [28] . A similar incidence of myonecrosis has been reported in normal muscle specimens from people [35, 40] .
In any given muscle sample, the number of fibers with one or more internal nuclei never exceeded 1%. In biopsies of normal muscle in man, from one to seven internally placed nuclei per 100 fibers are considered to be within normal range [37, 401. Regeneration, with its associated increased metabolic turnover appears to be one factor which can result in centralization of nuclei. Internal nuclei always were prominent in myofibers immediately adjacent to thick fibrous septa, as also occurs in muscle in man [28, 351. In these areas, interfascicular fatty infiltration also was seen commonly.
Subsarcolemmal masses were the most prominent architectural change observed. The masses stained reddish-purple with the modified trichrome stain and black with the oxidative stain NADH-TR. While it is possible that these masses may be artifactual, similar structures have been observed in muscle of dogs with hyperadrenocorticism [8] and with experimental glucocorticoid myopathy [7] . Ultrastructurally, the masses consisted of abnormal aggregates of mitochondria [7] , and as such may be analogous to the 'ragged red' fibers described in muscle in man [52] . Presence of fibers with a whorled or 'moth-eaten' appearance when stained with the oxidative enzyme NADH-TR is probably nonspecific; however, it may reflect focal reduction in number or absence of mitochondria [37] .
It has been suggested that the presence of muscle fibers in a 'nesting' position (i.e., having unusual outlines conforming to each other) is more often due to regeneration after necrosis than to fiber splitting [37] . Fiber splitting was observed infrequently in this study as reported also in man [40] ; however, the incidence increased in regions adjacent to thick fibrous septa similar to that seen in normal muscle of man [28] .
The significance of the irregular staining areas noted in several fibers adjacent to fibrous septa is uncertain. These areas were observed in two of 140 muscles and were found in less than ten myofibers in each muscle. The nature of the staining pattern with modified trichrome, NADH-TR, and mATPase, appears dissimilar to that reported in muscle in man representing Z-disc streaming and structured cores; however, the "bacillus-like" structures do resemble rod formation, of which the pathophysiology is uncertain [37] .
No definitive cytochemical age-related changes is muscle of other domestic animals have been reported. In a recent study of normal gastrocnemius muscle of Wistar rats between ten and 130 weeks of age [27] , no light microscopic or qualitative electron microscopic changes were seen. However, quantitative determinations revealed significant reductions in volume and surface densities of sarcoplasmic reticulum, ttubular system, and glycogen content. These alterations were considered to be the morphologic expression of the very early age-related changes in gastrocnemius muscle.
In people, there are few adequate studies of age-related changes in muscle; however, it is recognized that from middle adult life on through old age, a procession of regressive changes occur. Changes that have been described include: loss of muscle fibers, especially type I1 fibers; variation in fiber size associated with hypertrophic and scattered or grouped atrophic fibers; myonecrosis with infiltration of macrophages; increase in endomysial connective tissue; and other degenerative changes such as hyaline degeneration, vacuolation, lipofuscin pigmentation and forms of Ringbinden [2, 35, 46, 48, 49, 541 . 'Ringbinden' or 'ring' fibers refer to fibers with a spatial disorientation of one or more myofibrils located peripherally and in a circumferential orientation [34, 371 . None of these fibers were seen in any muscle sample from our dogs.
One cytochemical change in the present study that did appear to be age-related was fiber size variation associated with scattered presence of small angular type IIA fibers. This change was observed occasionally in muscles of dogs seven years of age and older; however small or large group atrophy and fiber type grouping, changes normally associated with denervation and reinnervation, respectively [28, 401, were not seen. In man, scattered fiber atrophy may be the initial expression of the denervation process and reportedly precedes grouped atrophy [46] . The presence of such changes in muscles of older people [35], loss of functioning motor units with age [21] , and reduction in number and density of myelinated fibers in peripheral nerve of people with increasing age [5,24,25,43, 50, 5 1, 531 , lends support to the idea that an underlying defect in the neuromuscular system during aging is progressive motor neuron dysfunction. In this context, focal degenerative changes observed in peripheral nerves of older dogs [12, 131 may account for the scattered atrophic fibers seen in the present study.
Criticism may be leveled at the choice of animals used in this study since the majority of dogs, although free of neuromuscular disease, were killed because of a variety of neurologic disorders. Age-related studies in dogs are subjected to the same limitations as occur in man, namely the ethical considerations in obtaining multiple biopsy specimens from individuals who are in normal health. In an attempt to compromise, it was decided to take muscle samples from dogs with neurologic disorders in preference to those with chronic orthopedic problems or those with chronic systemic metabolic disorders or any chronic disease producing cachexia. Furthermore, any dogs with neurologic disorders that resulted in loss of ambulation and possible disuse atrophy were discarded from this study, as were dogs that received short-or long-term steroid medication. Statistical analyses indicated that fiber type diameters in muscles of dogs with neurologic disease were not significantly different from those of our research control dogs. An experimental design utilizing control dogs of a single breed at various ages would overcome these problems; however, such an approach was considered unrealistic from financial aspects. In addition, quantitative studies o n a single breed would not be representative of a population of dogs that can vary in weight from one to 70 kg.
Further studies obviously are needed to confirm our findings relating to fiber diameters in dogs over 15 kg body weight and to further define the influence, if any, of sex o n fiber size. We acknowledge that our data d o not indicate the dispersion of normal values about the mean at the various age levels because of an insufficient number of cases. Such information is desirable, but it could only come from a very long-term study or perhaps from coordinated studies at different centers. Finally, it would be interesting to determine if relative changes in size of fiber types occur in dogs with chronic upper motor neuron disorders, as has been reported in man [15] .
